v' The author used the scanning electron microscope to study the ependyma in six control rabbits and six rabbits made hydrocephalic by infusion of silicone oil into the cisterna magna. The ependymal lining of the third ventricle, head of the caudate nucleus, superior angle of the caudate, and atrium of the lateral ventricle was examined. In the hydrocephalic animals, clusters of cilia emanating from the ependyma over periventricular white matter become separated; the author believes this is secondary to ingrowth of new ependymal cell processes covered with microvilli. The addition of these cells to the ependymal surface permits ventricular dilatation without ependymal disruption and provides more surface containing microvilli, presumably capable of increased transventricular fluid transfer. No such changes occur over gray matter masses since their surfaces are not deformed by moderate ventricular dilatation. The morphological alterations in the ependyma that occur in moderate hydrocephalus do not appear to be simply manifestations of ependymal destruction but rather suggest a modification in its function from that of a surface capable of propelling cerebrospinal fluid to one capable of increased transfer of transventricular fluid. As hydrocephalus progresses, compensation may fail because of the relative decrease in microvilli so that the cell surface provides a less efficient mechanism for absorption.
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9 hydrocephalus 9 ependymal cilia and microvUli 9 scanning electron microscopy 9 cerebral ventricles E NLARGEMENT of the ventricular system is the sine qua non of hydrocephalus. Several studies of the ependyma and subependymal white matter have been reported in normal and hydrocephalic animals utilizing light microscopy (LM) and transmission electron microscopy (TEM). 6'7'9'1''24'25'31's~ These methods have demonstrated expansion of the extracellular space of the subependymal white matter in hydrocephalus, presumably the result of increased transependymal fluid transport? 6,2~ In the event of obstruction to cerebrospinal fluid (CSF) circulation, such a Scanning electron microscopy in hydrocephalus mechanism would provide an alternative means of egress of CSF from the ventricular system.
However, previous limitations in the available techniques have allowed little knowledge of the fate of ependymal cells in hydrocephalus. Light microscopy has only permitted evaluation of relatively gross alterations in far advanced hydrocephalus, 14,25,3x while TEM has been limited to study of ultrathin sections made from minute samples of the ventricular surface. Scanning electron microscopy (SEM) permits examination of a relatively large surface of the ventricle at low magnification. Ventricular topography may be assessed and areas of interest selected for more detailed study. At higher magnification the cellular surface, cilia, and microvilli may be examined.
Scanning electron microscopic studies of the ventricular surface have been reported in several mammalian species 4' 15,2~ but to date there have been no comparable published studies of hydrocephalic animals. The following SEM study was undertaken to characterize the ventricular system of an experimental animal under normal conditions and under conditions of moderate hydrocephalus, and to assess the following questions: Do structural alterations occur at the surface of the ependymal cell? Are these changes compatible with the increase in transventricular fluid transport postulated to occur in hydrocephalus, or are they simply manifestations of destruction of ependymal cells?
Materials and Methods
Twelve adult Dutch Belted rabbits of both sexes were used; six were made hydrocephalic by infusion of silicone into the cisterna magna. 33 With the animals under halothane anesthesia, the foramen magnum was exposed and a No. 60 polyethylene catheter was placed in the cisterna magna. A mixture of equal parts of Dow Corning 200 and 360 medical fluids was infused into the cisterna magna with a Harvard pump at a rate of 0.0136 cc/min to a total of 0.6 cc.* The The control series consisted of two animals that underwent infusion of saline, rather than silicone, into the cisterna magna. In two additional animals the cisterna magna was exposed under halothane anesthesia. The dura was not opened and the animals were maintained under anesthesia for 1 hour prior to closure of the wound. These four animals were sacrificed 16 weeks after surgery. Finally, two unoperated animals were also examined.
Specimens were prepared in the following manner: After nembutal anesthesia, intracardiac perfusion with Karno~,sky's solution la was performed. The brain was immediately removed from the skull and postfixed by immersion in Karno~sky's solution overnight at 4~ Coronal sections were then taken at the level of the anterior commissure to document ventricular size (Fig. l) .
The brain was dissected under fixative utilizing a Zeiss OPMI 6 operating microscope.t Three samples of ependyma were obtained from each animal: 1) a 0.5 • 0.5-cm segment consisting of the caudate head and adjacent corpus callosum; 2) a triangular segment (0.5 cm base, 0.5 cm height) of the roof of the lateral ventricle at the junction of the body and the temporal horn; and 3) a 1 X 1-cm block of the epentZeiss OPMI 6 operating microscope made by Carl Zeiss, Inc., 444 Fifth Avenue, New York, New York 10018. dyma lining the third ventricle limited anteriorly by the lamina terminalis, superiorly by the midportion of the massa intermedia, and posteriorly by a line drawn from the superior colliculus to the mammillary bodies. Samples were also taken at corresponding sites from the opposite caudate nucleus, atrium of lateral ventricle, and third ventricle, and prepared for TEM. For orientation, the TEM observations in control animals are briefly noted in this report. Full descriptions of TEM changes will be the subject of a separate report.
After dissection, the specimens were washed with cold 0.1 M cacodylate buffer for 24 hours. Postfixation with collidine-buffered 1.33% osmium tetroxide for 2 hours and subsequent dehydration through serial alcohols and freon followed. The specimens were dried in a critical point dryer, mounted on stubs, coated with gold palladium, and were examined in an AMR scanning electron microscope.*
Results
A guide to the cross-sectional anatomy of the ventricular system as seen in TEM is provided in Fig. 2 , which shows a third ventricle. Here the ependymal cells are cuboidal and their nuclei are prominent; between these cells are the tapering cell processes of tanycyte ependymal cells. The ventricular surface is characterized by the presence of microvilli and cilia. A typical view taken under the SEM shows the elements seen in characteristic variations over the various ventricular surfaces differentiated in the remainder of the atlas (Fig. 4) .
Third Ventricle
Control Animals (6) . The surface of the third ventricle may be divided into three characteristic zones, dorsal, transitional, and infundibular (Fig. 4) . In the dorsal zone (beneath the massa intermedia) the ependyma is heavily ciliated ( The transition zone lies at the level of the optic chiasm and mammillary bodies (Fig. 4) ; cilia are present here but clusters become progressively sparse as the infundibulum is approached (Fig. 6 ). Microvilli are present in abundance on the cell surface between widely spread clusters of cilia (Fig. 3) . The ependyma of the infundibulum is not ciliated (Fig.  7 upper) . Here, the outlines of cells create the impression of a "cobblestone street." The cell surfaces are covered with microvilli and small, round excrescences (apical blebs) which appear to be budding from the surface of the cells.
Hydrocephalic Animals (6) . Despite enlargement of the third ventricle the surface morphology of the ependyma is not significantly altered in the six specimens studied. The surface anatomy of the infundibulum is unchanged; both apical blebs and microvilli are still apparent (Fig. 7) . The morphology and distribution of cilia and microvilli in the transition zone (Fig. 8 ) and in the dorsal third ventricle are also unchanged (Fig. 9) .
Caudate Nucleus
Control Animals (4) . Ependyma over the caudate head overlies gray matter as does the ependyma over the dorsal third ventricle. The ependyma over the corpus callosum covers white matter. The superior angle represents the junction of gray and white matter at the junction of the caudate nucleus and corpus callosum (Fig. 10) . At high power (Fig. 11 ) the cilia once again can be seen to arise in clusters. Microvilli are present but not in as great abundance as over the dorsal third ventricle (compare Fig. 11 with Fig. 5 ). In addition, neuron-like processes are frequently found on the surface. The pattern of cilia over the head of the caudate is similar to that seen over the dorsal third ventricle (compare Fig.  12 upper with Fig. 9 upper) .
At the junction of the caudate nucleus and corpus callosum (superior angle of the caudate), the pattern of cilia and microvilli differs from that seen over the adjacent caudate. The clusters of cilia are not as densely packed. Between clusters of cilia, microvilli are present on the cell surface but not in the profusion noted over the caudate (Fig. 13 upper) . In addition, neuron-like processes are abundant. Hydrocephalic Animals (3) . The appearance of the surface of the caudate nucleus is not changed in the presence of hydrocephalus with respect either to the pattern and distribution of cilia and microvilli, or to the presence of neuron-like processes (Fig. 12 ). In the superior angle, at the junction of caudate nucleus and corpus callosum, the pattern of microvilli is altered; here microvilli are not randomly distributed over the surface as in control specimens, but appear to be piled up in rows that stream radially from clusters of cilia (Fig. 13) .
Lateral Ventricles
In control animals the ventricular cavity is small. Synechiae are present between the hippocampus and the roof of the lateral ventricle. With hydrocephalus the ventricular cavity enlarges. The roof over the atrium of the lateral ventricle expands and becomes dome-shaped. When the specimen is inverted for examination under the scanning microscope the atrium of the ventricle resembles a bowl (Fig. 14) .
Control Animals (6) . While the ependyma over the caudate nucleus overlies gray matter, the ependyma of the "atrium" of the lateral ventricle overlies white matter. The surface of the lateral ventricle in this area has a characteristic pattern (Fig. 15 upper) , with clusters of cilia more widely separated in this area than over the caudate head (Fig. 12 upper) . Occasional areas lack cilia and have only microvilli on the cell surface.
Microvilli do not cover the entire surface between clusters of cilia. Microvilli are abundant between filaments of cilia as they emerge Scanning electron microscopy in hydrocephalus Fic. 5. High-power SEM of dorsal third ventricular ependyma. White arrow designates cilia. White arrowhead designates microvilli. X 4000. Fig. 12 upper. White arrow points to ciliary cluster. White arrowhead points to neuron-like process lying within ventricle. Lower: Hydrocephalic rabbit. White arrowhead points to an aggregation of microvilli. Hollow arrow designates debris frequently noted in hydrocephalus. X 1800. from the cell surface (Fig. 16) , but between clusters of cilia lie areas with no microvilli that appear as shallow depressions. Although microvilli are abundant about the brim of these depressions, the depths are smooth and devoid of surface projections (Fig. 16) .
F~. 6. Low-power SEM of transition zone (TZ). Note progressive separation of ciliary clusters as infundibulum is approached (left to right
Hydrocephalic Animals (4) . With moderate hydrocephalus, changes of structure occur on the surface of the atrium of the ventricle; as noted, the atrial specimen resembles a bowl. In each specimen examined, the most marked changes are seen in the depths of the bowl; as the examination progresses from the center of the bowl to the periphery, the changes became less marked. Figure 17 is a medium power view of a normal lateral ventricular surface which may serve as a reference. In moderate hydrocephalus a separation of clusters of cilia occurs (Fig. 18 ) in the periphery of the bowl; this separation becomes more marked as the center of the bowl is approached (Fig. 19) . In more severe hydrocephalus the clusters of cilia are widely separated (Fig. 20) ; in addition, new cells resembling macrophages become apparent at the center of the bowl (Fig. 21 ).
Higher power (Fig. 15 lower) reveals that each cluster of cilia, with its associated bare area, is separated from its neighbor. The area between these ciliary clusters is occupied by a cellular surface characterized by the presence of microvilli. (Compare Fig. 15 upper with Fig. 15 lower.) 
Discussion
The degree of hydrocephalus produced by the infusion of silicone was moderate. Wisniewski, et al., 83 noted that severe hydrocephalus was difficult to produce in rabbits because the suprapineal recess frequently ruptured and the degree of hydrocephalus became stabilized. In this investigation, the rabbit was chosen as the experimental animal in order to study the effects of chronic, compensated hydrocephalus.
The morphology of the ependyma of the adult rabbit has been characterized by Tennyson and Pappas? ~ who described the aqueductal ependyma as columnar or cuboidal cells whose surfaces are covered with microvilli from which the cilia emerge. This picture might be assumed to be representative of the entire ventricular system; however, ex- amination of the surface of the ventricular system with the SEM has demonstrated that such an assumption is untenable. In the present study, each of the regions investigated presented a unique picture with respect to the population and distribution of cilia and microvilli. In the third ventricle, three distinct regions were characterized; these findings are in agreement with previous reports by others. 4,15,~7 Similarly, in the lateral ventricle the head of the caudate nucleus, the superior angle, and the atrium each presented a characteristic distribution of cilia, microvilli, and a presence or absence of neuronal processes within the ventricle? 8
Over the gray matter masses examined, namely those in the dorsal third ventricle and the head of the caudate nucleus, the ependyma was heavily ciliated and the clusters of 20 to 25 filaments were closely packed together. On the other hand, over the regions of white matter studied, namely, the superior angle and the atrium of the lateral ventricle, the ependyma was not as heavily ciliated; here each cluster of cilia contained the same number of filaments as over gray matter, but the distance between clusters was greater.
In the presence of hydrocephalus the ependyma over gray matter masses was unchanged while that over periventricular white matter was altered. This topographic distribution conforms to that described by Lawson and Raimondi xe and Raimondi, et al. 24 in a light and transmission electron microscopic study of the ependyma of hydrocephalic HY-3 mice.
There were three types or stages of alteration of the ependymal surface over periventricular white matter in the presence of hydrocephalus. In the first, the clusters of cilia became more separated from one another and, as a result, the population density of cilia was decreased. In the second, broad areas covered with microvilli appeared between clusters of cilia and their associated bare areas. In the third, a new cellular element, presumably a macrophage, appeared on the surface of the ventricle. Two questions Scanning electron microscopy in hydrocephalus Only a few clusters of cilia may be discerned. x 300.
can be posed: By what mechanism are such changes brought about, and do these changes have any functional significance?
Although the ependyma over gray matter masses and periventricular white matter are presumably subjected to the same ventricular pressure, changes resulting from hydrocephalus are limited to the periventricular white matter; this region presumably undergoes a significant increase in surface area associated with the ventricular distention that occurs in hydrocephalus. This expanded ventricular surface is continuous and not disrupted by moderate ventricular dilatation. Thus the surface covered by microvilli increases as the ciliary clusters become separated. It is postulated that with distention of the periventricular white matter, new cellular processes emanating from germinal cells of the subependymal plate 8' 6'7,~s'9 may insinuate themselves between preexisting apical processes to gain the ventricular surface. These apical processes are devoid of cilia but rich in microvilli. This response of course would not be expected over gray matter masses since their surfaces would not be stretched by hydrocephalus.
The apical processes of ependymal cells form the interface between the fluid-filled ventricular cavities and the surrounding brain. With certain exceptions (see Results) the surface of ependymal cells is characterized by the presence of cilia and microvilli. The coordinated beating of cilia on the surface of the ependyma is considered an important factor in the propulsion of spinal fluid; TM the ependyma may therefore be viewed as an organ system whose function is to assist the cerebrospinal circulation in this fashion. Conversely, the presence of microvilli on an epithelial surface connotes a high degree of resorptive and/or secretory activity? Thus, the ependyma may also be viewed as an organ system whose function is the regulation of fluid transport between the ventricular cavity and the adjacent brain.
Increased transependymal transfer of fluid has been postulated to play an important compensatory role in hydrocephalus? '1~ An increased permeability of the ventricular lining to vital dye has been noted in hydrocephalic dogs, s~ while TEM studies have demonstrated an increase in the extracellular space of periventricular white matter suggesting increased transventricular fluid transport, x6,19 ' 21 The present study demonstrates that in hydrocephalus commensurate changes occur at the ventricular surface. Initially there is a relative decrease in the population density of cilia capable of propelling fluid. Since no vacant pits appear in the cell surface from which cilia might have once emerged, the ciliary clusters do not seem to have been destroyed or lost from the cell surface. Rather, these clusters have been separated by new areas covered with microvilli and presumably capable of absorbing fluid. In the presence of hydrocephalus, the surface of the atrium of the lateral ventricle begins to resemble that of the normal transition zone of the third ventricle, an area held to be specifically engaged in fluid transport between the third ventricle and the hypothalamus2 ' 12' 13' 2~ '8 The presence of microvilli at the cell surface suggests transport of fluid across cell membranes, while the increase in surface area of the hydrocephalic ventricle accomplished by adding surface units rich in microvilli would provide a mechanism for increased transventricular fluid transfer as well as a means of increasing the surface area of the ventricle. These changes may provide a compensatory mechanism by which the ventricular system responds to hydrocephalus.
An ingrowth of new cellular elements (presumably macrophages) and a decrease in the number of both cilia and microvilli accompany further hydrocephalic progression. Areas such as those found deep in the bowl of the atrium appear no longer capable of significant fluid transport. However, it should be noted that at this stage there still are areas replete with microvilli at the periphery of the bowl of the atrium. With more extensive hydrocephalus the compensatory mechanisms may fail as the ependymal cells lose their microvilli at the surface and become incapable of regulating fluid transport between the ventricle and surrounding brain.
Summary
An atlas of the scanning electron microscopic appearance of the ependymal surface in the ventricles of normal and hydrocephalic rabbits has been presented and related to the topography of this region.
Changes associated with moderate hydrocephalus appear to be limited to the ependyma over periventricular white matter, and do not appear to be simply manifestations of destruction of the ependyma but rather manifestations of its plasticity. The sequential modifications identified suggest an initial functional alteration from a surface capable of propelling fluid by ciliary motion to a surface capable of increased transventricular fluid transfer. As the hydrocephalic process progresses, these compensatory mechanisms may fail as the surface loses microvilli and so becomes a less efficient mechanism for absorption.
